drop in viscosity a shear rate of about 3000s -1 , the 13.2 Pa-s sample showed a drop of 2% at a shear rate of approximately 100s -1 , and the glycerine/water sample appeared to be Newtonian at least up to 10 4 s -1 . Mild shear-thinning was seen with all suspensions, beginning at shear rates of order 0.1-1 s -1 , followed by a rapid reduction of torque in the parallel-plate system at shear rates of 14, 150 and 1000s -1 respectively with the three matrices. These rapid reductions are ascribed to edge effects. Matching smoothed particle hydrodynamics (SPH) simulations were made. The silicone matrix viscosities were modelled by a Carreau-Yasuda (CY) fit up to shear rates of order 10 7 s -1 . The agreement between computations and experiments is generally good for 40% volume fraction suspensions up to the shear rate where edge effects intervene in the experiments-there are no edge effects in the simulations. This confirms the suggestion [1] by V ́zquez-Quesada et al [Phys. Rev. Lett, 117, 108001 (2017)] that 'hidden' high shear rates between particles, where the non-Newtonian matrix viscosity comes into play, can result in shear-thinning at the macroscopic level. For the glycerine/water matrix at low shear rates this mechanism does not apply and a separate mechanism based on variable interparticle friction is suggested; the two mechanisms can co-exist.
A.Introduction
Non-colloidal suspensions of spheres with Newtonian matrices at negligible Reynolds numbers would be expected to show a viscosity (η) that is a multiple of the matrix viscosity (η o ) and a relative viscosity (η r = η/η o ) which is a function only of the volume fraction of the spheres (ϕ). However, from experiments [2, 3] one sees that shear thinning does occur when ϕ ≥ 0.3 and the cause is not clear. There is one possible explanation [4, 5] that depends on ACCEPTED MANUSCRIPT
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A N U S C R I P T 3 variation of the interparticle friction coefficient with shear rate. A second explanation has been made [1] which depends on the matrix being shear-thinning at the enhanced shear rate between the particles; at the macroscopic or mean shear rate the matrix fluid has a constant viscosity. This mechanism should not be confused with various investigations where the matrix is highly shear-thinning near the region of the mean shear rate. For example in [6] power-law matrices were assumed, while in other cases [7, 8] estimates of shear rate amplification are given. For 40% volume fraction suspensions strain-rate amplifications of about 4 [7] to 8 [8] were reported. We note the investigations of Liard et al [9] , which will be discussed later in Section E. In all these cases the result is a shifted viscosity-shear rate curve which has a form similar to the matrix viscosity curve. However, in the investigation by V ́zquez-Quesada et al [1] and in the present paper the resulting viscosity curve is not of the same form as the assumed matrix relation because of the complex probability distribution of the actual shear rates in the suspensions. Hence it differs from the quasi-static picture in the cited references [7] [8] [9] . The earlier smoothed particle hydrodynamics (SPH) investigation [1] contained a rough power-law matrix viscosity rule; in the present paper a much more realistic model is used.
From the earlier SPH simulations [1] it was suggested that there were regions of very high shear rate between the spherical particles in which shear thinning of the matrix took place; this local shear thinning of the matrix at high shear rates leads to shear thinning at the average (macroscopic) shear rate. Since the matrix shear-thinning is negligible at the mean shear rate and the local thinning occurs well beyond the mean shear rate it was therefore termed a 'hidden' mechanism. The primary aim of the present paper is to compare some typical experimental results with the second explanation. It should be mentioned that the ratio of viscous forces to Brownian forces (the Péclet number, ) in the suspensions was always of order 10 8 , well into the noncolloidal region [5] ; the Reynolds number ( ) was also negligible. Here, = , where is the fluid density, is the rim speed in the viscometer, and a is the sphere radius. Typically, even at a high shear rate of 100s -1 , was of order 10 -2 , which is small.
Our work therefore seeks to explore shear thinning in non-colloidal suspensions. We experimented with two different matrix materials (silicone oil and glycerine/water) and two spherical bead materials. Polymethyl methacrylate (PMMA) beads were used in the glycerine/water matrix and polystyrene (PS) beads were used in silicone oil in order to minimize density differences between beads and matrices. For colloidal suspensions, where Brownian motion is relevant, reasonable predictions of the suspension rheology exist, and shear thinning is observed as result of a decreasing relative contribution of entropic forces at large shear rates [10] . However, no such mechanism is present in non-colloidal suspensions. We used a 50mm diameter cone-plate system (CP50-1) for the silicone oils with a vertex gap of 0.05mm. 50mm parallel plates (PP50) were used to measure the viscosity of the siliconebased suspensions; the gap was 1mm. We used the same rheometer with PP50 parallel plates to investigate the viscosity of the glycerine/water matrices and the 40%PMMA-glycerine/water suspensions. The gaps in this case were 0.1mm for the matrix fluid and 0.5mm for the suspensions.
C. Matrix Properties
The observed low shear rate viscosities were 1.15 Pa-s for 1000cs silicone and 13.2 Pa.-s for 12500cs silicone at the temperature of 24 o C (Fig.1) . Hence the 12500cs silicone oil has 11.5 times higher viscosity than the 1000cs silicone oil at the same shear rate (0.1 s -1 ). The results for the glycerine/water (2% water) matrix are shown in Fig. 2 In Fig.1 , circles and stars represent 1000cs silicone oil and 12500cs silicone oil results respectively. Both of them apparently show almost no change in viscosity with the increase of shear rate up to a critical value, indicating Newtonian flow of the matrix up to this point. However, one should not necessarily attribute the sudden downturn of viscosity of the silicones to shear thinning.
We can see, from Table 1 that silicone oils exhibit normal stresses, and hence they are slightly viscoelastic. From measurements of the first normal stress difference (N 1 ) using the cone-plate system one can define a relaxation time (λ) from:
where ̇ is the macroscopic shear rate. One expects shear-thinning to occur if the Weissenberg number (Wi), defined as λ ̇ is of order 1 or greater. Table 2 shows the expected shear rate ( ) at which shear-thinning is expected to commence and the observed critical shear rate ( ċ).
The observed rates for a 10% downturn of torque ( ċ) are found from Fig 1 for the silicone fluids to be about 3000 and 200s -1 and for the glycerine/water fluids (Fig 2) to be greater than 10 4 s -1 (Table 2) . Hence it appears that for silicone oils ċ < , and it is possible that the observed downturn with the silicones is due to edge fracture [11] . We can estimate the rate at which edge fracture occurs ( ė) as follows, using the work of Keentok and Xue [11] . According to [11] , edge fracture occurs in cone/plate and parallel-plate rheometers when 
where N 2c is the critical second normal stress difference magnitude at the rim shear rate and σ s is the surface tension coefficient (0.021 Pa-m for silicones). If h is the gap at the rheometer edge , then the 'flaw' size b = 0.12h. From Eq. 2, where h =1mm, we find N 2c = 114 Pa. From [3] -N 2 / N 1 is small for the 1000cs silicone, and it lies between 0.07 and 0.1 for the 12500cs silicone [12] . Using 0.07-0.1 for the ratio for the 12500cs fluid we estimate that edge fracture occurs for ė ~ 198-240s -1 as shown in Table 2 , which is in reasonable agreement with Fig 1. The glycerine/water matrix was not observed to fracture at the edge, at least up to a shear rate of 10 4 s -1 . For the glycerine/water mix, the slight downturn of viscosity at the largest shear rates may be due to shear heating. From [13] 
where, ω is the frequency of oscillation (rad/s; ω= 2πf; f in Hz). The variation of viscosity with temperature obeys the equation [18] [ ]= The variation of density with temperature was found to be described satisfactorily by the equation, Viscosity, η (Pa-s)
Shear rate, ̇ (s -1 )
The results of taking the G' and G'' data of [16] and finding the value of the shear viscosity using Eq. 3 and the relation η*(ω) = η( ̇ ) are shown in Table 4 ; the reduction of viscosity is clear. We plot these results in Fig. 3 , noting that the analysis of V ́zquez-Quesada et al [1] used a viscosity rule: (Table 2) the comparable critical rates were 10 4 s -1 and 833s -1 respectively. Hence it is clear that the silicone matrices are Newtonian up to shear rates around 10 4 s -1 and 10 3 s -1 respectively, and then they obey power-laws after a short transition, which is not captured in Fig 3. Further data are shown by Lee [19] , but the most useful data come from the Dow-Corning website [20] . There it is seen that the 1000cs and 12500cs grades show a reduction of viscosity at shear rates of 10 4 and 10 3 s -1 respectively.
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Fig.3
Showing the high-frequency shear data [16] and the power-law behaviour for the two silicone fluids.
The matrix behaviour for both silicones is shown in Fig 4. Whilst the power-law model (Eq 6) was used previously [1] , a much better fit to the data is given by the Carreau-Yasuda (CY) model [21] , and this has been used in the subsequent computations reported here. One sees from Fig 4 that the cone-plate data for the silicone matrix experiments (symbol □) diverge from the other data at comparatively low shear rates. This is due to edge effects in the coneplate system; it is necessary to use capillary or oscillatory data to avoid this effect. For glycerine we can refer to a paper by Barlow and Lamb [22] who found that the limiting elastic modulus (G m ) at high frequency was 2.3 x10 9 Pa. Hence a relaxation time η o /G m ~ 2.6
x 10 -10 s is expected for this matrix and no observable shear-thinning in the rheometer is expected.
D. Suspension Response
The 40%PMMA-glycerine/water suspensions exhibit shear-thinning (Fig. 2) . The viscosity falls steadily but quite slowly up to a shear rate of 1060 s -1 , but with an increase of shear rate above 1060 s -1 , the viscosity apparently decreases rapidly.
For the silicone oil suspensions, the square and triangle marked lines in Fig 1 refer to the 40% volume fraction PS-12500cs and PS-1000cs suspensions. At a shear rate of 0.1s -1 the viscosity of the 12500cs silicone suspension has increased to 77.5 Pa-s from the viscosity of the matrix of 13.2 Pa-s; the viscosity of the PS-1000cs suspension was 6.37 times higher than the viscosity of the 1000cs silicone matrix. The viscosity of the 12500cs silicone suspension appears to fall quickly from 57.8 Pa-s at a shear rate of 31.9 s -1 . The viscosity of the 1000cs silicone suspension appears to fall rapidly at a shear rate of 204 s -1 . These sharp declines are believed to be due to edge fracture [11, 13] .
Shear-thinning appears to begin at very low shear rates (~ 0.1s -1 ). The slopes of the viscosityshear-rate curves are not large here; in all cases the slope is of order -0.05 on the logarithmic plots. For the sharp declines at larger shear rates, we consider edge effects. Edge effects, following Eq. 2, depend on the second normal stress difference N 2 . Suspensions with Newtonian matrices have a second normal stress difference given by [3] N 2 = -4.4 ̇ϕ 3 (7) and for ϕ=0.4, the magnitude of N 2 is 0.28 η . The fracture criterion (2) was developed on the basis of a second-order fluid model [13] and it is not clear that the factor b = 0.12h in Eq (2) is appropriate for suspensions. For the suspensions it seems likely that a more appropriate length scale for b is not h but something of the order of the sphere radius (a) . Replacing 0.12h by 30μm ( 1,5 times the sphere radii) gives the following results.
For the 1000cs suspensions, Eq 2 now predicts a critical shear rate due to edge fracture of ~ 150s -1 ; for the 12500cs suspension, the onset of edge effects is expected at a shear rate of about 13s -1 , and for the glycerine/water suspensions, edge effects are expected to appear at a shear rate exceeding 550s -1 . These results match the results in Figs 1 and 2 quite well.
E. Numerical results
In this section, results from simulations (using the SPH model described in the Appendix) and experiments will be compared. To do the comparison, the rheology of the solvent has to be well characterized. Both matrices considered here, Dow-Corning silicone 1000cs and 12500cs can be very well characterized using the Carreau-Yasuda (CY) model [21] 12500cs. In Fig. 4 both characterizations have been drawn and compared to previous rheological data as well as data reported by the manufacturer Dow Corning [16, 19, 20] , and those corresponding to this work, showing an excellent fit, especially to the Dow-Corning data [20] . As mentioned above in Section C and Fig 4, the divergence of our cone-plate experiments from the other data is due to edge effects; there are no edge effects in the simulations.
In . This discrepancy is due to second normal stress differences causing edge fracture; note that the second normal stress difference is much enhanced in suspensions (Eq. (7)).
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As a result, it is expected that suspensions with silicone matrices exhibiting the rheology shown in the Fig. 4 and without edge fracture problems, will show extended power-law viscosity decrease without sudden downturn effects.
It should be noticed that a similar numerical approach was used in [9] to explore the effects of the matrix shear-thinning on the suspension. In that work, however, the authors focused on a regime of bulk shear rates in the same order of the matrix c  (i.e.  *~1 0 -1 -10 2 in our notation). In agreement with previous literature, they observe a scaling regime in that range of shear rates which allows one to predict suspension bulk rheology based on matrix properties alone. We point out that in the low shear rate regime explored in this work (i.e.  *~1 0 -4 -10 -1 ), mild shear-thinning of the suspension cannot be directly linked to the matrix shear-thinning, in fact the scaling exponents are different in the two cases. We believe that in this regime the suspension viscosity derives from a complex interplay between matrix property and changing anisotropic microstructure. This, on the other hand, is consistent with the results presented in [9] (see their Fig. 3-4) where experimental data for the suspension viscosity collapse poorly on a master curve at large concentrations and small shear rates. This was also proved by their scaling error (see their Fig-4) which shows values as high as 10% at concentration 0.4
Remarkably, that change in relative viscosity reported is precisely the difference in the computed bulk viscosity (shear thinning) that we observe at low shears (see Fig. 5 ), so our results here can explain the failure in the scaling proposed in [9] in the low shear rate regime.
Another aspect which deserves discussion is represented by the very low shear rate regime ) where good quantitative agreement in the exact values of the viscosity is obtained. The results with a glycerine/water matrix do not fit the pattern of the present simulation model and therefore remain to be explained, most probably by an interparticle friction mechanism [5] .
F. Conclusion
It is perhaps unexpected, following [5] and the work of Mari et al [23] , that there is so close an agreement between the computed and experimental relative viscosities in Fig 5 when no explicit Coulombic friction was used in the SPH computations. It appears that at ϕ= 0.4, frictionless computations [5, 23] give a relative viscosity of 6.2 ±0.4, whereas in reference [1] a Newtonian SPH computation yields a relative viscosity of 6.85 at low shear rates. Looking at Fig 6 one sees that the compound spheres are not completely smooth. In reference [5] we found that roughness increases relative viscosity, and so it appears that this suffices to explain the quite small increase of relative viscosity seen in the computations-it appears there is a 'de facto' friction coefficient in the computations of 0.1-0.2, which is actually due to the roughness ratio of about 5% [5] .
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It appears that the 'hidden' shear-thinning mechanism [1] must exist due to the high shear rates (relative to the macroscopic shear rate) between the particles, bringing into play the shear-thinning of the apparently 'Newtonian' matrices. The agreement between the computed relative viscosity and the experimental results in the middle range of shear rates is striking and demonstrates the importance of 'hidden' shear-thinning matrix effect in this regime. At very low shear rates the frictional effects [4, 5] seem to be more important as is seen in the results with the glycerine/water matrices, where the matrix shear-thinning -possibly occurring at extremely high-shear rates -is unlikely to affect suspension rheology at very low macroscopic shear rates. This is because the simulations with a Newtonian matrix [1] do not show shear-thinning, whereas it is clearly seen in the experimental data in Fig 2. The two mechanisms can clearly co-exist. In addition, the problem of edge fracture is always present in parallel-plate and cone-plate experiments with suspensions and can seriously interfere with the interpretation of the phenomena, so care is needed.
